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crossover pathway, which would be intriguing as these two helicases appear to act in 143 parallel in Arabidopsis, or that some upper limit has been reached (e.g. the use of all 144 eligible crossover precursors). 145 Finally, we looked for mutations in FANCM and RECQ4 in a tomato EMS-induced 146 mutant population (Cultivar Micro-Tom) ( Figure 1A ). We identified a STOP codon in 147 SlRECQ4 (recq4-Q511*) and crossed the corresponding line to wild type cultivar M82 148 (M&M and Figure S9 ). Wild type and Slrecq4 F2 plants had similar fertility ( Figure   149 1B). We focused our analysis on chromosome 4 and 7 and observed a 2.7-fold 150 increase in recombination in the mutant compared to the wild type (cumulative map machinery in these species or be associated with the level of polymorphisms in these 167 hybrids. Indeed, the SNP density is ~1/200pb in the Col-Ler Arabidopsis hybrid 23 , but 168 is much lower in the rice Dongjin/Nipponbare (1/11kb) and Cameor/Kayanne pea 169 hybrids (~1/10kb and ~1/5kb, respectively) and, by definition, virtually null in the 170 Arabidopsis pure line. This would mean that the fancm mutation only increases 171 recombination if the polymorphism rate is below a certain threshold, somewhere 172 between 1/200 and 1/5000 SNPs per kb. It would be interesting to explore the fancm 173 effect in more distant hybrids (e.g. Japonica-Indica rice) or in different species, to test 174 this hypothesis. 175 We showed that the recq4 mutation alone can massively increase recombination in 176 rice, pea and tomato hybrids, a result similar to that observed in Arabidopsis 2 . This 177 suggests that mutation in RECQ4 orthologs may be a universal approach for 178 enhancing recombination rates in crop species. These increases in crossover 179 frequency are much higher than any previously observed natural or environmentally-180 induced variation in recombination (e.g. temperature which typically modifies 181 recombination by 10-30% [24] [25] [26] [27] ). Increased recombination is predicted to improve the 182 response to selection in the short, medium, and long term 28 . Thus higher 183 recombination rates could be used to enhance genetic gain in breeding schemes.
184
Further, increased recombination would also enhance the power of pre-breeding 185 activities such as genetic map construction, QTL detection, and positional cloning.
186
However, the recq4 mutation does not homogeneously increase recombination along 187 the genome (Figure 3 and 2 ). First, the peri-centromeric regions, that are reluctant to 188 crossover in wild type, still fail to recombine in the mutants, suggesting that additional 189 unknown mechanisms prevent crossovers close to centromeres 29 . Future studies crossover in proximal regions as these regions represent a large part of the genome 192 in important crops such as wheat 30 . Second, the increase in recombination tends to 193 be lower in more divergent regions of the genome. Strikingly, the regions of highest 194 sequence divergence showed a limited increase in recombination compared to the 195 rest of the genome (Figure 4 and 2 ). This suggests that the extra crossovers arising in 196 the recq4 or fancm mutants tend to be prevented by sequence divergence. This 197 predicts that mutating recq4 could be ineffective for promoting recombination 198 between distant genomes, such as in interspecific crosses, but this remains to be 199 tested. The same appears to be true for all anti-crossover genes identified to date 7,10 .
200
Further studies are required to understand how sequence divergence drives genetic 201 recombination.
202
In all species examined so far, mutation in RECQ4 resulted in the most significant 203 increases in crossover numbers. However in Arabidopsis, further increases were 204 obtained by combining the recq4 mutation with either a mutation in the FIGL1 gene, 205 or with overexpression of HEI10 2,10 . While figl1 only mildly affects fertility in 206 Arabidopsis, it leads to sterility in rice 15 and pea, precluding the use of figl1 to 207 manipulate recombination in those species. Both figl1 mutation and HEI10
208 overexpression remain to be tested in other species.
209
Here we used classic mutagenesis to disrupt FANCM and RECQ4 and crosses to 210 introduce this mutation into the hybrid context. However, the development of very 211 effective targeted mutagenesis techniques based on CRISPR-cas9 now offers the 212 possibility to disrupt these genes directly in the F1 hybrids 31 and thus rapidly obtain cultivars.
251
The following mutations were used in this study: Osfancm-1 (AQSG07), Osfancm-2 252 (A46543), Osrecq4l-1 (3A-03503) and Osrecq4l-3 (AUFG12) ( Figure 1A and (http://www.orygenesdb.cirad.fr) 35, 37 . Genotyping primers and expected PCR product 263 sizes are listed in Table S1 . We crossed the heterozygous lines Osfancm-2+/-with (Q503*). In Psrecq4 there is a G to A transition at the position 2019 from the A of the 293 start codon of the coding sequence, leading to a nonsense mutation (W673*).
294
The PsFigl1 mutation is a G to A transition at position 3740 from the ATG on the 295 genomic sequence, modifying the splice junction before the 3rd exon. Two 296 independent populations were produced ( Figures S7 and S8) .
297
In the first population, one plant PsRECQ4+/-PsFANCM+/-was crossed to the wild 298 type cultivar Kayanne ( Figure S7 ). One F1 plant was selfed to produce 180 F2 plants, 299 among which single mutants, double mutants and wild type were identified by 300 genotyping. Five Psfancm, five Psrecq4, three Psfancm Psrecq4 and five wild type 301 F2 plants were selfed to produce the F3 populations (~50 plants per genotype).
302
In the second population, two Cameor PsRECQ4+/-PsFANCM+/-PsFIGL1+/-were 303 selfed to produce 160 F2 plants ( Figure S8 ). Twenty-one Psfancm mutants, 24 304 Psrecq4, 24 Psfigl1, 2 Psfigl1Psrecq double mutants and 7 Psfigl1Psfancm double 305 mutants were identified by genotyping. Fertility was analyzed for the two F2 306 populations (Figure 1 B) . Figure S9 ). Forty F3 progenies were generated by selfing from each of these F2 331 plants. The 640 F2 plants were genotyped for SNP markers on chromosome 4 or 7.
332
The plants were grown and DNA extracted as described in 43, 45 Figure S1 . Phylogenetic tree of plant RECQ4 proteins. Genes present in several copies in a given species have been colored. Proteins sequences and accession numbers can be found in dataset S1 Figure S2 . Phylogenetic tree of plant FANCM proteins. Genes present in several copies in a given species have been colored. Proteins sequences and accession numbers can be found in dataset S1 Figure S3 . Phylogenetic tree of FIGL1. Genes present in several copies in a given species have been colored. Proteins sequences and accession numbers can be found in dataset S1 
